DNA damage tolerance (DDT) mechanisms allow cells to synthesize a new DNA strand when the template is damaged. Many mutations resulting from DNA damage in eukaryotes are generated during DDT when cells use the mutagenic translesion polymerases, Rev1 and Polz, rather than mechanisms with higher fidelity. The coordination among DDT mechanisms is not well understood. We used live-cell imaging to study the function of DDT mechanisms throughout the cell cycle of the fission yeast Schizosaccharomyces pombe. We report that checkpoint-dependent mitotic delay provides a cellular mechanism to ensure the completion of high fidelity DDT, largely by homology-directed repair (HDR). DDT by mutagenic polymerases is suppressed during the checkpoint delay by a mechanism dependent on Rad51 recombinase. When cells pass the G2/M checkpoint and can no longer delay mitosis, they completely lose the capacity for HDR and simultaneously exhibit a requirement for Rev1 and Polz. Thus, DDT is coordinated with the checkpoint response so that the activity of mutagenic polymerases is confined to a vulnerable period of the cell cycle when checkpoint delay and HDR are not possible.
The UV component of sunlight causes base substitution mutations that can give rise to skin cancer in humans. 1, 2 The molecular analysis of UV-induced mutagenesis has led to numerous insights into the processes by which DNA damage leads to mutations. The vast majority of UV-induced mutations in eukaryotic cells result from the incorporation of incorrect nucleotides opposite damaged bases during translesion DNA synthesis (TLS) by the polymerases Rev1 and Polz. 3, 4 These polymerases are unique among the factors required to survive UV radiation in that their elimination reduces the rate of mutation rather than increasing it. For this reason they are termed "mutagenic polymerases." Cells also have DDT pathways that are not required for UVinduced mutagenesis, 5 which we refer to here as "nonmutagenic" pathways. In addition to its role in UV-induced mutagenesis, Polz is required for the proliferation of mammalian cells [6] [7] [8] [9] and there is mounting evidence that mutagenic TLS generates a large fraction of the base substitution mutations in the human germline and in cancers formed throughout the body. [10] [11] [12] [13] Despite the importance of Rev1 and Polz in maintaining cell viability following DNA damage and in generating mutations that contribute to genetic variability and human disease, the context in which cells employ these enzymes and the exact nature of the structures that they repair have been unclear.
Most mutations resulting from UV exposure are caused by UV-induced cyclobutane pyrimidine dimers (CPDs). 14, 15 The mutation frequency in proliferating cells exposed to UV increases linearly with the number of CPDs, consistent with a "one-hit" model in which a single CPD leads to a mutation. 16, 17 The frequency of UV-induced mutagenesis is dramatically higher when cells are irradiated after entering S phase than during G1 phase, suggesting that Rev1 and Polz may repair structures generated by replication forks. 18, 19 CPDs have been shown to block the replicative DNA polymerases, generating daughter-strand gaps at sites of damage in the parental strands. [20] [21] [22] [23] [24] The post-replicative repair (PRR) of these gaps can be observed by using alkaline sucrose gradients to analyze the sizes of nascent DNA strands. Such experiments have revealed that multiple DDT pathways contribute to PRR.
In budding yeast cells, 3 nonmutagenic DDT pathways account for virtually all PRR activity. 22, [24] [25] [26] One pathway, mediated by the HDR machinery, uses redundant information in the sister chromatid for error-free PRR. Two additional pathways require the ubiquitin ligase Rad18, which is thought to function by monoubiquitinating PCNA. 27 Rad18 promotes TLS by Polh, a translesion polymerase that reduces the rate of mutation by incorporating the correct nucleotides opposite CPDs, 4 and also promotes error-free PRR mediated by the ubiquitin ligase Rad5. It has been postulated that polyubiquitination of PCNA mediated by Rad5 promotes error-free PRR via HDR-independent template-switching to the undamaged sister chromatid. 28 The roles of Rad18 and Polh in PRR have been found to be conserved in vertebrate cells, [29] [30] [31] [32] but less is known about the roles of HDR or Rad5 orthologs in higher eukaryotes.
Polh has a specialized role in tolerating CPDs, but Rev1 and Polz can use templates containing a wide variety of lesions. 4 Despite the diversity of substrates for mutagenic TLS and the dramatic effects of eliminating Rev1 or Polz on UV-induced mutagenesis, PRR assays generally show little or no repair defect in cells lacking mutagenic TLS. 22, 25, 33 Thus, the role of mutagenic TLS is unclear, especially given the existence of nonmutagenic PRR pathways. One possibility is that Rev1 and Polz may repair a limited subset of the daughter-strand gaps generated during S phase that is below the level of detection by the usual PRR assays. In budding yeast, Rev1 appears to be involved with a mutagenic process that occurs at a higher rate in late-replicating regions of the genome, 12 suggesting that the role of mutagenic TLS may be limited to a subset of daughterstrand gaps produced late in S phase. Consistent with this idea, budding yeast Rev1 expression increases near the end of S phase whereas levels of Polh are relatively constant. 34 Expression of human Polz increases later in the cell cycle as well. 9 Consistent with the idea that mutagenic TLS acts late in the cell cycle, the fidelity of DDT appears to be lower in G2 phase than G1 phase in both budding yeast and mammalian cells. 35, 36 The encounter of replication forks with UV lesions activates a DNA damage checkpoint response that has a role in regulating DDT mechanisms [37] [38] [39] and delays cell cycle progression to provide additional time for PRR. 37, [40] [41] [42] [43] [44] The checkpoint is activated when sensor proteins detect transitions between doubleand single-stranded DNA such as those found in daughterstrand gaps at UV lesions and in double-strand breaks (DSBs) or perhaps other abnormal structures generated at replication forks. 2, 45 In fission yeast and mammalian cells, checkpoint activation delays cell cycle progression at a point in late G2 phase referred to as the G2/M checkpoint. [46] [47] [48] [49] After this point in the cell cycle, the induction of DNA damage no longer delays mitosis or cytokinesis. 41, [50] [51] [52] [53] Thus, the cell cycle of most eukaryotes is divided into 2 distinct periods, a "responsive" period from the birth of the cell to the G2/M checkpoint when DNA damage can elicit checkpoint-dependent mitotic delay and a "refractory" period after the G2/M checkpoint.
S. pombe Rev1 and Polz are required to survive UV radiation but, unlike Polh, these polymerases do not repair daughterstrand gaps during the responsive period of the cell cycle, suggesting that their activity might be limited to the refractory period. 42 The functions of the different DDT mechanisms have not been precisely mapped within the cell cycle of any organism, and the influence of checkpoint surveillance on the choice between different mechanisms is unknown.
We report here that the checkpoint response to UV provides a cellular mechanism to ensure that exclusively nonmutagenic DDT mechanisms go to completion before mitosis. Epistasis analysis indicates that 2 nonmutagenic DDT mechanisms operate during the checkpoint response: Rad51-mediated HDR and TLS mediated by the fission yeast homologs of Rad18, Rad5, and Polh. Of the 2 mechanisms, HDR has the more substantial role. We found that cells completely lose the capacity to complete HDR when damage is incurred after the G2/M checkpoint, and that Rev1 and Polz have a specialized role in DDT at structures generated after this point. The mechanisms by which these structures may be produced are considered in the discussion section. We report evidence that the Rad51 recombinase limits mutagenic TLS during the checkpoint response, thereby favoring the error-free repair of daughterstrand gaps and the preservation of genome integrity.
Results
To study the coordination between cell cycle progression and DDT, we used live-cell imaging to observe the response of individual cells to DNA damage. Asynchronous fission yeast populations were exposed to a short pulse of UV radiation and imaged every 2 minutes over the course of 3 cell cycles. The resulting time-lapse series were analyzed manually to determine the times of cell cleavage (cytokinesis), the lengths of cells in the frame before cleavage, and the terminal phenotypes of cells that failed to divide (Fig. S1 ). In each experiment we quantified the viability and DNA damage checkpoint-dependent cell cycle delay of 300 cells that incurred DNA damage at different stages of the cell cycle. 41 As described in more detail below, our approach allowed us to determine the stages of cells at the time of irradiation without employing a synchronization protocol that could potentially perturb cellular metabolism and cell cycle progression.
Where possible, we used a dose of 5 J/m 2 which introduces 1,455 § 335 dimeric photoproducts per S. pombe genome 42 and is comparable to sunlight exposure. 2 This dose is sublethal for most cells (94.8 § 0.7% viability), indicating that S. pombe has evolved mechanisms to effectively repair and tolerate the level of damage incurred. Irradiation with 5 J/m 2 activates a robust checkpoint response that delays the second cell cycle after irradiation. 41 Cells only delay during the second cycle because checkpoint activation occurs after lesions are carried into S phase as previously described and as discussed in more detail below. Fission yeast cells continue to elongate during checkpoint-mediated delays, so the length of a cell at cleavage provides a measure of the duration of checkpoint delay that is independent of cycle time. Since there is very little variance in the length of unirradiated cells at the time of cleavage and virtually no checkpoint-independent cell elongation, we have found that increase in cell length at cleavage is the most sensitive and specific metric of the checkpoint response.
Rad51-mediated HDR and the fission yeast homologs of Rad18 and Rad5 are active during the responsive period of the cell cycle
The first question we asked was what DDT pathways are active during the checkpoint response to UV. Elimination of such pathways prolongs the checkpoint response during the second cycle as measured by size of cells at cleavage. 42 A point mutation was introduced into the gene encoding Polh (eso1) to eliminate polymerase activity without disrupting an essential sister-chromatid cohesion domain. All other pathways were eliminated using null alleles of DDT genes. We have previously shown that eso1-cs cells lacking Polh activity have a modest prolongation of the checkpoint response after 5 J/m 2 , while cells lacking Rev1 and Polz have reduced cell viability but do not have a prolonged checkpoint response even after much higher UV doses. 42 Rhp18 and Rad8, the S. pombe homologs of budding yeast Rad18 and Rad5, respectively, are thought to regulate DDT via PCNA ubiquitination. [54] [55] [56] In the absence of irradiation, cells lacking Rhp18 or Rad8 exhibited cycle times and lengths at cleavage that were similar to those of wild-type cells (Fig. 1A) . After exposure to 5 J/m 2 of UV, cells lacking either factor progressed through the first cell cycle at the same rate as wild-type cells but exhibited increased lengths at the end of the second cycle (Fig. 1B) . The increases in cell length were comparable to those of cells lacking Polh activity. 42 These observations indicate that Rad8 and Rhp18 both repair structures during the responsive period of the cell cycle that are recognized by the DNA damage checkpoint system. The Rad51 recombinase is required for HDR and contributes to both DDT and the repair of DSBs. The phenotype of cells lacking Rad51 required careful analysis due to the heterogeneous cell cycle progression of mutant strains. In the absence UV, some rad51D cells had normal cycle times and underwent cleavage at normal lengths, but a fraction of cells underwent "spontaneous" delays and were elongated at cleavage, presumably due to a checkpoint response to endogenous DNA damage that was not repaired efficiently (Fig. 1A, Fig. S2A ). Like mutations in other DDT pathways, deletion of rad51 did not affect the overall kinetics of the first cleavage after irradiation with 5 J/m 2 of UV (Fig. S2A ). The subset of cells that underwent spontaneous delays during the first cycle exhibited shorter UV-induced checkpoint delays on the second cycle and higher viability than the cells that did not delay on the first cycle ( Fig. S2C, E) . The likely explanation for these reduced effects of UV is that the cells that underwent first cycle delays had more time for excision repair, so they entered S phase with fewer UV photoproducts and generated fewer abnormal structures requiring Rad51-dependent HDR. We found that if we confined the analysis to cells that did not delay on the first cycle (i.e. divided at a length less than 2 s.d. above the mean, or < 17 mm) we could eliminate the effects of this suppression entirely. The resulting population of rad51D cells exhibited exactly the same cleavage kinetics as wild-type cells (Fig. S2G) . Elimination of Rad51 resulted in the greatest increase in the UV-induced checkpoint response during the second cycle of any DDT mechanism (Fig. 1B) . We conclude that Rad51-dependent HDR operates during the responsive period of the cell cycle and is particularly important in the repair of structures formed after UV lesions are carried into S phase. Rad51 recombinase has roles in both DDT and DSB repair. To ask whether DSBs were contributing to the checkpoint responses of cells irradiated at 5 J/m 2 UV, we studied the effect of deleting mre11, which is known to be required for the repair of DSBs. 57 In striking contrast to rad51D cells, mre11D cells exhibited exactly the same checkpoint response to UV as wildtype cells ( Fig. 1B; for a more detailed analysis see Fig. S3 ). So duration of the UV-induced checkpoint response is not related to the rate at which DSBs can be repaired. We conclude that the checkpoint response is triggered primarily by daughterstrand gaps and perhaps other structures whose repair does not require Mre11.
Live-cell imaging can be used to determine cell cycle stage at the time of irradiation
In addition to simply examining the global checkpoint response to UV irradiation, live-cell imaging allowed us to reconstruct and quantify the responses of cells that incur damage at different stages and to make a much more detailed analysis of the roles of various DDT mechanisms during the cell cycle. The S. pombe cell cycle is similar to that of most eukaryotes, including human cells, except that cleavage occurs in late S phase rather than immediately after mitosis ( Fig. 2A) . After nuclear division, the 2 daughter nuclei pass through a brief G1 phase and initiate DNA replication. Cleavage then generates 2 daughter cells, each with close to a 2C DNA content, but a low level of DNA synthesis continues in the daughter cells for some time after cleavage. 58 The position of a cell in the cell cycle is directly related to the age of the cell and is inversely related to the amount of time that elapses before it undergoes cleavage. 41, 50 Thus, measuring the time of a cell's birth or cleavage can provide information about its stage. We have found that age is a relatively poor predictor of cell cycle stage in fission yeast because of the large variability in the duration of G2 phase (Fig. S4 ). In contrast, there is relatively little variance in the elapsed time between major cell cycle transitions and the subsequent cleavage event. To determine the relationship between stage and first cleavage time, we used fluorescence microscopy to measure several cell of UV (rev3 encodes Polz). Sample sizes are 300, 600, and 1200 cells for the 1st, 2nd, and 3rd cycles respectively. For mre11D and rad51D strains, the suppressive effects of spontaneous cell cycle delays were eliminated by restricting analysis to cells < 17 mM at the first cleavage as described in Fig. S2 and in the main text. This procedure reduced the sample size in the mre11D and rad51D analyses by »1/3 and »2/3 respectively. cycle landmarks (Fig. 2B) . The median times of these events were: 38 min prior to cleavage for spindle formation, 33 minutes prior to cleavage for nuclear separation, 21 min prior to cleavage for spindle disassembly, and 11 min prior to cleavage for septation. From the timing of cell cycle landmarks, we calculated the average stage of cells as a function of first cleavage time (Fig. 2C ). These and other results indicate that first cleavage time can be used to determine the average stage at which cells incur DNA damage during a pulse of radiation without the need to synchronize cells.
A UV dose of 5 J/m 2 activates a checkpoint response that delays the second cell cycle following irradiation because most daughter-strand gaps containing UV lesions are generated in binucleated S phase cells that are already committed to cleavage. Thus, the gaps are carried through cytokinesis into daughter cells and trigger a checkpoint response that delays the second cleavage. At higher doses of UV ( 10 J/m 2 ), checkpoint-dependent delay occurs on the first cycle as well as the second cycle. 41 It is unclear what structures elicit the response during the first cycle, but they may include daughter-strand gaps resulting from a low level of ongoing DNA replication in G2 phase or excision repair gaps generated independently of replication forks. 59 A plot of the kinetics of cleavage following irradiation with high doses of UV revealed that cells become Confocal microscopy was used to make time-lapse movies of strains expressing GFP fused to a-tubulin (Atb2-GFP) or RPA1 (Rad11-mYFP). Cell cycle landmarks were manually scored as described in Fig. S8 . A moving average of the percentage of cells that had passed the indicated landmark was calculated using a 15 min window at increments of 1 min (n D 200 to 300 cells for each experiment). The position of the G2/M checkpoint, determined in panels D and E, is also shown. (C) The percent of cells at the indicated stages were determined from the data in B by calculating the percent of cells that had passed one landmark but had yet to pass the subsequent landmark as described in detail in refractory to damage-induced checkpoint delay one hour prior to cleavage (Fig. 2D) , a point 22 minutes prior to the formation of the mitotic spindle (Fig. 2B) . As shown in Figure 2E , entry into the refractory period following exposure to X-rays begins at the same point as for UV (Fig. 2E) . As expected, checkpoint delay prior to this point is completely dependent upon Chk1 (Fig. 2F) . 60 The checkpoint response delays the disappearance of interphase microtubules and the formation of the mitotic spindle ( Fig. 2G-H) , indicating that fission yeast cells delay in G2 phase after UV exposure as reported for other forms of DNA damage. 61 These results indicate that the UV-induced checkpoint response of S. pombe is similar to that of mammalian cells in its requirement for Chk1 and the position of the G2/M checkpoint within the cell cycle (late G2 phase).
The response of S. pombe cells to UV irradiation at different points in the cell cycle is shown in Figure 3 . The upper panel in each plot shows the average length of the irradiated cells at the second cleavage, which provides a measure of the DNA damage checkpoint response. The data are plotted as a function of the elapsed time from irradiation to first cleavage, which, as described above, defines the cell cycle position at the time of irradiation (inset). The lower panel shows the percent survival of cells irradiated at different points in the cell cycle. Survival was quantified by scoring cells that continued to divide for 3 generations following irradiation. In wild-type cells, the checkpoint delay and viability curves were both biphasic (Fig. 3A) . In the first phase, delay and lethality increased from relatively low values in early G2 phase to maxima in cells irradiated near the beginning of S phase. In the second phase, checkpoint delay and lethality in response to UV irradiation rapidly decreased as cells progressed through S phase.
The first phase of the UV response can be readily explained if the excision repair of UV lesions before S phase reduces checkpoint delay and DNA lethal damage. To investigate this possibility, we eliminated S. pombe pathways known to repair UV lesions. Excision repair of CPDs and other dimeric photoproducts is carried out by 2 mechanisms in fission yeast, nucleotide excision repair (NER) and an additional pathway mediated by the UVDE endonuclease. 62 In rhp14Duve1D cells that lack both excision pathways, the cleavage kinetics after 5 J/ m 2 of UV were similar to those of wild-type cells during the first cycle, but there was a dramatically prolonged checkpoint delay during the second cycle (Fig. S5) . Unlike wild-type cells, the duration of this second cycle delay was the same for cells irradiated from early G2 until the onset of S phase (Fig. 3B) . This phenotype was not observed in either the uve1D or rhp14D single mutants. Thus, variation in the UV response during the first phase is due to the repair of UV lesions by NER and UVDE, and the level of checkpoint delay and lethal damage in wild-type cells is correlated with the number of lesions left unrepaired by these processes at the onset of S phase.
The reduction in the UV response during the second phase, which occurred when cells were irradiated during S phase, was the same in wild-type cells and cells lacking excision repair (Fig. 3B) . The rapid decline in the UV response during this phase was presumably due to the decreasing number of encounters of replication forks with UV lesions in cells irradiated after an increasing fraction of the genome had completed replication. We conclude that, in both the first and second phases of the UV response, the level of checkpoint delay and lethality is correlated with the number of replication forks expected to encounter UV lesions during S phase.
The observation that the duration of checkpoint delay is not affected by the presence or absence of excision repair when cells incur damage during S phase (Fig. 3B) suggests that the checkpoint response is not due to DSBs generated when replication forks encounter strand breaks created by excision repair of UV lesions. This interpretation is consistent with our conclusion, based on analysis of mre11D cells, that UV-induced DSBs do not constitute a major signal for checkpoint activation after 5 J/ m 2 of UV.
Two nonmutagenic DDT pathways repair daughter-strand gaps generated before the G2/M checkpoint Cells lacking Polh activity, Rad8, Rhp18, or Rad51, all of which are active in PRR during the responsive period of the cell cycle, showed increased checkpoint responses and cell killing relative to wild-type cells after UV irradiation (Figs. 3C-F, S6 ). However, the magnitudes of the phenotypes of these mutants at different stages of the cell cycle followed a similar pattern to that of wild-type cells, i.e., the enhanced checkpoint delay and lethality relative to wild-type cells increased from a relatively low value in early G2 to a maximum at the onset of S phase and then decreased rapidly with progression through S phase. Thus, the roles of the DDT pathways that are active during the responsive period of the cell cycle were correlated with the number of replication forks expected to encounter lesions, consistent with the idea that these pathways repair daughter-strand gaps and possibly other structures generated during S phase. To determine if Polh, Rad8, and Rhp18 function in the same or different DDT pathways, we examined the phenotypes of double mutant cells. Elimination of Rhp18 from rad8D cells did not further increase checkpoint delays or reduce viability (Fig. 3G) , indicating that Rhp18 functions through Rad8 under the conditions of our experiments. Elimination of Rad8 from eso1-cs cells had little or no further effect on checkpoint delays or cell viability (Fig. 3H) , indicating that Rad8 functions primarily through Polh and does not mediate an independent template-switching mechanism. Thus, Rad8, Rhp18, and Polh function in a single pathway that is dependent upon the catalytic activity of Polh. Elimination of Polh activity from rad51D cells increased both the duration of checkpoint delays and viability loss (Fig. S7) , indicating that Rad51-mediated HDR functions independently from Polh. We conclude that 2 nonmutagenic pathways are operative during the checkpoint response to UV, Rad51-dependent HDR and a second pathway mediated by Rhp18/Rad8/Polh. Of the 2 pathways, HDR has a much more significant role (Figs. 1, S6 ). The effects of eliminating Rad51 were greater after 2 J/m 2 than those observed after 5 J/m 2 upon elimination of Rad8, Rad18, or Polh activity (Fig. 3F  vs. 3C , D, E -note difference in scale).
Rev1 and Polz are required to survive UV damage incurred between the G2/M checkpoint and anaphase B
To study the effects of eliminating mutagenic TLS, cells were irradiated with 10 J/m 2 , a UV dose that allowed us to accurately quantify the contributions of Rev1 and Polz to viability at all Cell cycle stage at the time of irradiation is indicated along the x axis, which was inverted so that cell cycle events appear in temporal order. The beginning of S phase was defined as the point of maximal checkpoint delay in WT cells. A moving average of cell length at the 2nd cleavage, a measure of the checkpoint response, is plotted in the top panels for 600 daughter cells. A moving average of the percentage of cells that continued to divide for 3 generations (viability out of 1,200 potential granddaughter cells) is plotted in the bottom panels. A 15 min window was calculated at increments of 1 min. UV doses were chosen so that the mutant strain viabilities and checkpoint delays were in the dynamic range of the assay (rev3 encodes Polz; the eso1-cs allele is a Polh catalytic site mutant). For a comparison of each strain at 5 J/m 2 , see Fig. S6 . To deduce the stage of rad51D cells at the time of UV and to eliminate the suppressive effects of spontaneous cell cycle delays, we restricted our analysis in F to cells that were < 17 mM at the first cleavage as described in the text. This procedure reduced the sample size by »2/3. stages of the cell cycle. The checkpoint responses of strains lacking mutagenic TLS were identical to wild-type cells after irradiation at all stages, consistent with our previous analysis of the overall population. 42 ( Fig. 3I, upper panel) . Surprisingly, mutant cells completely lacking mutagenic TLS had the same viability as wild-type cells when irradiated at the onset of S phase. This finding is particularly striking because cells irradiated at this point exhibit the greatest dependence on the other DDT mechanisms for survival. Thus, both the viability and checkpoint data indicate that exclusively nonmutagenic DDT mechanisms are employed when damage is incurred during S phase.
In Figure 4A we have overlaid the average UV response data with the median time of occurrence of several cell cycle landmarks. The data indicate that there was no difference in the viabilities of wild-type and mutagenic TLS mutant cells irradiated after late anaphase B through S phase. Cell death resulting from elimination of Rev1/Polz occurred primarily when the cells were irradiated during a narrow window of the cell cycle from the G2/M checkpoint to late anaphase B. These observations indicate that mutagenic TLS carries out DDT at a subset of DNA damage-induced structures that are formed after the G2/M checkpoint.
The capacity for HDR-mediated repair of DSBs is lost when damage is incurred after the G2/M checkpoint
While our data demonstrated that Rad51-dependent HDR has a particularly critical function prior to the G2/M checkpoint, a remaining question was whether HDR continues to function in parallel with mutagenic TLS after the G2/M checkpoint. The viability of cells irradiated in late G2 and M phase clearly depends upon Rad51 (Fig. 3F ). This phenotype is consistent with a role for HDR-mediated DDT during late G2 and M phase, but is also consistent with the hypothesis that HDR functions in the repair of structures generated when lesions introduced in G2 or M phase are carried into the following S phase. To directly examine the capacity of cells for HDR at various stages of the cell cycle, we exposed an asynchronous population of wild-type cells to an X-ray dose expected to produce 1 DSB per cell, 63 and followed the fates of individual cells over 3 generations to determine cell viability. DSBs induced by X-rays are potentially lethal, but can be repaired by HDR when an undamaged sister chromatid is available to provide a template for repair synthesis.
We observed that almost all of the cells irradiated before the G2/M checkpoint remained viable, while a significant proportion of those irradiated after the G2/M checkpoint lost viability (Fig. 4B) . The percentage of cells that lost viability when irradiated immediately after the G2/M checkpoint (»40%) was approximately the same as the percentage of genomes expected Figure 2B are shown for the indicated landmarks. (B) Populations of 300 cells were imaged after exposure to 6.3 Gy of X-rays, a dose chosen to produce 1 DSB/cell on average (0.5 DSB/ genome). 63 The probability that a genome received one or more DSBs was 0.39 at this level of exposure assuming a Poisson distribution, so 39% loss of viability was expected if each DSB were lethal. Viability of wild-type cells, calculated as in Figure 3 , is plotted as a function of cell cycle stage. Two separate experiments are shown. (C) Wild-type cells exhibit the same X-ray sensitivity as cells that lack HDR when irradiated after the G2/M checkpoint. Loss of viability due to X-ray exposure was calculated by subtracting the fraction of viable cells in an X-irradiated population from that of a mock-irradiated population. Error bars show 95% c.i. The pre-G2/M checkpoint subset represents cells that underwent cleavage 1 hour or more after irradiation, and the post-G2/M checkpoint subset is cells that cleaved less than 1 h after irradiation.
to incur one or more DSBs (39%), suggesting that each DSB was eventually lethal. So, it appears that exponentially growing fission yeast cells completely lose the capacity to complete HDR when they pass the G2/M checkpoint. Consistent with this interpretation, we observed that that the loss of viability that occurs when wild-type cells are exposed to X-rays after the G2/M checkpoint is similar in magnitude to that observed in rad51D and mre11D cells that lack HDR altogether (Fig. 4C) . Although HDR may still be active after the G2/M checkpoint in wild-type cells, there is likely insufficient time to complete the process before sister-chromatid separation occurs »25 minutes later because HDR is a slow process that may take 60 minutes or more to repair a single DSB. 64 We conclude from these observations that S. pombe cells simultaneously lose the capacity for HDR and begin to exhibit a requirement for Rev1 and Polz at the G2/M checkpoint.
Rad51 is required to limit mutagenic TLS prior to the G2/M checkpoint
The temporal correlation between the loss of HDR capacity and the gain of mutagenic TLS function could be explained if the process of HDR were to prevent the action of Rev1/Polz in some way. We explored this possibility by studying the effects of eliminating mutagenic TLS in the presence and absence of Rad51. Complete elimination of mutagenic TLS from wild-type cells had no effect on the duration of the checkpoint response during the first cycle after UV (Fig. 5A) . In contrast, elimination of Polz from cells lacking Rad51 more than doubled the magnitude of the checkpoint response (Fig. 5A, B) . Thus, elimination of Rad51 is sufficient to allow mutagenic TLS function prior to the G2/M checkpoint.
Discussion
All cells take advantage of redundant information in the genome to repair DNA damage without generating mutations. Excision repair processes use redundant information within the double helix to repair base damage and HDR uses redundant information within the sister chromatids to repair DSBs and daughter-strand gaps. Given the apparent selective advantage of high fidelity repair, it has been unclear why cells sometimes employ mutagenic TLS rather than HDR to repair daughterstrand gaps.
To better understand the coordination between the DDT mechanisms that repair daughter-strand gaps, we quantified the effects of eliminating DDT factors on the UV-induced DNA damage response of cells irradiated throughout the cell cycle. The results indicate that 2 nonmutagenic DDT pathways repair structures recognized by the DNA damage checkpoint during the responsive period of the cell cycle. The first pathway requires Rad51-mediated HDR and the second requires Rhp18, Rad8, and the catalytic activity of Polh. Thus, S. pombe cells employ exclusively nonmutagenic DDT mechanisms during the checkpoint response to UV. We found no evidence for a third DDT mechanism involving an independent templateswitch. Of the 2 pathways active during the responsive period, HDR had a much more significant role. HDR can, in principal, tolerate any type of lesion whereas Polh function is specialized for CPDs. The ability of HDR to tolerate a broader range of lesions may account for the relatively large effects of eliminating Rad51. Alternatively, the large effects could be explained if cells preferentially use HDR over Polh at all lesions, including CPDs, because of the relatively high error rate of Polh.
DDT sometimes functions to repair structures formed outside of S phase. [65] [66] [67] However, after a UV dose that might reasonably be expected to occur in nature (5 J/m 2 ), elimination of nonmutagenic DDT factors did not slow the repair of structures that signal to the DNA damage checkpoint until after lesions were carried into S phase. Furthermore, the increase in checkpoint delays and cell killing that resulted from eliminating these pathways were both correlated with the frequency with which replication forks are expected to encounter UV lesions when cells incur damage at different stages of the cell cycle. These observations suggest that HDR and the Rhp18/Rad8/ Polh pathway function most frequently to repair replicationdependent structures and that the formation of replicationindependent structures requiring DDT is relatively rare under the conditions of our experiments. We observed that the duration of checkpoint delay is not affected by the lack of HDRmediated DSB repair in mre11D cells, suggesting that the most common structures formed after UV lesions are carried into S phase are daughter-strand gaps and perhaps other structures that can be repaired in the absence of Mre11.
Surprisingly, cells lacking mutagenic TLS behaved like wild-type cells when irradiated during S phase. Rev1 and Polz were required for survival primarily when damage was incurred during a narrow window of the cell cycle between the G2/M checkpoint and anaphase B. Our analysis of cell survival after X-ray exposure revealed that the beginning of this window marks the point at which cells completely lose the capacity to complete HDR. Thus, cells began to exhibit a requirement for mutagenic TLS at the same point at which they lost the ability to carry out HDR. Our findings suggest that HDR and mutagenic TLS function sequentially rather than in parallel, which could potentially explain why mutagenic TLS is required for the proliferation of mammalian cells: there may be no other general mechanism for DDT after the G2/M checkpoint.
We found that elimination of Rad51 was sufficient to allow Polz to function prior to the G2/M checkpoint. This observation indicates that Rad51 has a critical role in limiting mutagenic TLS before the G2/M checkpoint, and suggests a potential mechanism for the cell cycle regulation of Rev1/Polz. There is evidence that the ssDNA binding protein RPA is required to stimulate the repair of daughter-strand gaps by TLS. 68 One possible explanation for our results is that the formation of Rad51 filaments on ssDNA blocks RPA binding, thereby preventing mutagenic TLS while HDR is active. If this were the case, then the cyclical inactivation of HDR at the metaphase-to-anaphase transition 69, 70 might relieve a block to mutagenic TLS. Consistent with the idea that mutagenic TLS becomes activated at the metaphase-to-anaphase transition, the levels of Rev1 protein appear to increase at around this point in the S. pombe cell cycle. 71 It is unclear how a role for Rad51 in the general inhibition of TLS would allow for the function of Polh that we observed during the responsive period of the cell cycle. It is possible that Polh maintains some activity at Rad51-coated gaps or functions at a subset of daughter-strand gaps that are not coated by Rad51 for some reason.
Although most of the viability loss resulting from elimination of Rev1/Polz occurred in cells irradiated after the G2/M checkpoint, a small but reproducible loss is evident in cells irradiated just prior to the G2/M checkpoint (Fig. 4A) . This population is expected based on our understanding of the UV response of S. pombe. Because UV lesions do not generally elicit a checkpoint response until S phase, lesions introduced prior to the G2/M checkpoint that are not removed by excision repair can be carried into later stages of the cell cycle without inducing delay. Such lesions may be processed after the G2/M checkpoint into structures that require mutagenic TLS for repair.
Because S. pombe cells exhibit a requirement for mutagenic TLS long after S phase is largely completed, the origin of the structures repaired by Rev1 and Polz is not entirely clear. Daughter-strand gaps could be generated in areas of the genome that have not completed DNA replication by the time of the G2/ M checkpoint. In addition, the primary UV lesions could be processed into structures that require mutagenic TLS by mechanisms that are independent of DNA replication. For instance, NER at closely-spaced lesions produces gapped structures with lesions in the single-stranded region that are similar to daughter-strand gaps and can elicit a checkpoint response. 66, 72 Repair of these gaps by mutagenic TLS generates most of the UVinduced mutations in stationary phase cells, but accounts for only a small fraction of mutations in proliferating cells like those used in this study. [16] [17] [18] [19] 73 Thus, the requirement for Rev1 and Polz that we observed after the G2/M checkpoint may derive primarily from a role for these polymerases in repairing replication-dependent structures generated after the time of commitment to mitosis (Fig. 6 ). This interpretation is consistent with the data presented here and can provide a parsimonious explanation for the observation that UV signature mutations in human melanomas occur with an increased frequency in latereplicating regions of the genome. 13, 74, 75 There are several reasons why DNA replication may not be complete at the time of commitment to mitosis. The mode of initiation of DNA replication in fission yeast (and probably most eukaryotes) is quasi stochastic, so the sizes of replicons have an exponential distribution with a significant number of replicons that are very large and that require a long time to finish replication. 76 Failure to complete DNA replication in some regions of the genome by the G2/M checkpoint might also result from chromosomal features that give rise to a low density of origins or create natural impediments to the progress of replication forks. 77 For example, it has been shown that common fragile sites in the genome occur at large transcription units that are late replicating because they contain a paucity of replication initiation sites. 78 Transcription-associated complexes, G quadruplexes, R-loops and possibly other structures could slow the process of DNA chain elongation in certain regions of the genome and delay their replication until after the G2/M checkpoint. 79 When DNA replication has not been completed by the G2/ M checkpoint, active replication forks could continue to generate daughter-strand gaps that require mutagenic TLS for repair (Fig. 6, top pathway) . Daughter-strand gaps may also be produced when unreplicated DNA containing DNA damage is unwound during the separation of sister chromatids (Fig. 6 , Figure 5 . Rad51 is required to prevent Polz function prior to the G2/M checkpoint. (A) Elimination of Polz (encoded by rev3) has no effect on the duration of checkpoint delays when UV damage is incurred prior to the G2/M checkpoint in rad51C cells, but increases delays substantially in rad51D cells. Kinetics of the first cleavage are shown for cells of the indicated genotypes exposed to mock irradiation or 25 J/ m 2 of UV. For strains lacking Rad51, the analysis is restricted to cells with mother cells that were < 17 mM at the cleavage prior to irradiation to reduce the suppressive effects of spontaneous cell cycle delays. (B) UV-induced length increase during the first cycle was calculated for the experiments in A by subtracting the mean length of a mock-irradiated population from the mean length of a population exposed to 25 J/m 2 of UV. Error bars denote 95% c.i.
bottom pathway). It has been suggested that the ultrafine bridges observed between the separating sister chromatids at anaphase represent, at least in part, regions of DNA that have not completed DNA replication prior to mitosis. 78 The resolution of such structures, perhaps by a RecQ helicase and topoisomerase III, 80 would be expected to give rise to singlestranded gaps in the daughter chromatids that could require Rev1/Polz for their repair.
Of the S. pombe DDT pathways operational during the checkpoint response to UV, only HDR is known to provide a general mechanism for error-free DDT and only HDR is inactivated by sister-chromatid separation during mitosis. Given these considerations, it appears that the role of UV-induced checkpoint delay is to maintain cells in a state in which the redundant information within sister chromatids is available for error-free PRR by HDR (Fig. 6) . Conversely, the role of Rev1 and Polz after UV exposure is to restore the continuity of the double helix after cells progress past the G2/M checkpoint and the capacity to use redundant information for repair is irreversibly lost. Thus, regulating the utilization of DDT pathways in concert with checkpoint signaling maximizes the potential for error-free DDT while confining the use of the mutagenic pathway to the interval when survival benefit outweighs the increased mutational burden.
Methods

Time-lapse microscopy
The strains analyzed are listed in Tables S1 and S2 . Timelapse imaging and UV irradiation were carried out as described previously. 41 Briefly, a field containing »150 cells grown at 30 C in YE6S rich medium was observed for 3-4 h, irradiated or mock irradiated, then observed until confluent (12 to 24 hours). Images were acquired every 2 minutes. After the movie was completed, 300 cells were marked off at the time of irradiation and both the time of cleavage and length of the cell in the frame before cleavage were manually recorded. These measurements were performed on the cleavage prior to irradiation and 3 cleavages after irradiation. Cycle times were calculated by taking the difference between the cleavage times of a cell and its mother. Loss of viability was recorded when the cell wall appeared to collapse or the cell stopped increasing in length for 1 hour or longer. In all instances, viability was determined from the number of cells that continued to divide for 3 generation after irradiation (e.g. cells that successfully initiated a third cleavage after irradiation).
Irradiation
Cells were UV-irradiated as previously described. 41 An X-ray dose of 6.3 Gy was generated using an X-RAD225C irradiator (Precision X-Ray, Inc.., North Branford CT, USA). Cells were irradiated for 55 s at a dose rate of 6.87 Gy/min. This dose was chosen to produce 1 DSB per G2 phase cell based on empirical data reviewed in Prise & Stenerlow. 63 
Abbreviations
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No potential conflicts of interest were disclosed. . HDR and mutagenic TLS function sequentially and are regulated in concert with checkpoint signaling to maximize the potential for error-free post-replication repair. The DNA damage checkpoint response to UV delays mitosis to allow HDR to complete error-free PRR using redundant information within the sister chromatids. Rad51 recombinase is required to prevent mutagenic TLS by Rev1 and Polz during the checkpoint delay. A pathway mediated by Rhp18, Rad8, and Polh makes a more limited contribution to PRR at CPDs during the checkpoint delay and may continue to function after the G2/M checkpoint (not shown). After the G2/M checkpoint, cells lose the capacity to complete HDR and rely on Rev1 and Polz to restore the continuity of the double helix. We suggest that the structures repaired by Rev1 and Polz are formed most frequently in regions of the genome that remain unreplicated after the G2/M checkpoint. Gaps may form in such regions when replication forks encounter lesions (post-replicative daughter-strand gaps) or when an unreplicated region is unwound during mitosis (mitotic daughter-stand gaps). Rev1 and Polz may begin to function immediately after cells pass the G2/M checkpoint or, more likely, gain access to DNA when HDR is inactivated at the metaphase-to-anaphase transition.
